Introduction
[2] The purpose of this paper is to examine the boundary and relationships between the Turkish-Iranian Plateau and the Zagros fold-and-thrust belt to its south (Figure 1 ), thereby improving our understanding of how and why such orogenic plateaux grow in general. This subject is relevant to the wider issue of how and why the continents deform as they do. We show that plateau growth across the Zagros takes place incrementally, that the present limit of seismogenic thrusting does not coincide with a major boundary in the bedrock geology or a break in the regional topographic slope, and that plateau formation takes place after and to the northeast of the cutoff of thrust seismicity-implying that another process thickens the crust at elevations higher than the seismogenic limit. These relationships are relevant to the current debate as to whether continuum or microplate models are most appropriate for continental deformation, including the Arabia-Eurasia collision [Reilinger et al., 2006; Liu and Bird, 2008] .
[3] Orogenic plateaux develop as a result of continentcontinent collision, as demonstrated by the Turkish-Iranian Plateau within the Arabia-Eurasia collision zone [Şengör and Kidd, 1979; Hatzfeld and Molnar, 2010] . A plateau can form during continental collision where crustal thickening and surface uplift are combined with relatively low erosion and incision rates that limit further thickening and relief generation [Liu-Zeng et al., 2008] . The Altiplano-Puna of South America shows that orogenic plateau formation can also occur without continental collision, during oceanic subduction.
[4] Elevated crust possesses more gravitational potential energy than surrounding lowlands, leading to a buoyancy force that resists further thickening and elevation of the plateau [England and Houseman, 1988] . Consistent with this idea, the interior of the Turkish-Iranian Plateau is not undergoing significant upper crustal shortening or thickening at present, indicated by the scarcity of active thrusts [Talebian and Jackson, 2004; Dhont et al., 2006; Allen et al., 2011a] and low internal strain, indicated by the Global Positioning System (GPS)-derived velocity field [Vernant et al. 2004] . The simple explanation for the relationship between seismicity and topography is that it is harder to continue to shorten crust that has already been significantly thickened and elevated than it is to shorten the thinner crust toward the foreland [e.g., Dalmayrac and Molnar, 1981] . Shear stresses are likely to be highest near gradients in crustal thickness [England and McKenzie, 1982] , which has been invoked as the reason for the distribution of Zagros earthquakes [Jackson and McKenzie, 1984] .
[5] What is not clear is whether such plateaux grow incrementally or in discrete re-organizations [Tapponnier et al., 2001] . Evidence is emerging that early deformation in collision zones can occur thousands of kilometers from the original suture [Vincent et al., 2007; Clark et al., 2010] , but this is not the same as determining when compressional deformation and surface uplift cease in each area, i.e., the transition from an active foldand-thrust belt into an orogenic plateau. Nor is it understood whether they grow by achieving a critical thickness and elevation first in a limited area, which then laterally enlarges [Rowley and Currie, 2006] , or by a widespread rise in surface elevation to present values. Such a rise could be protracted [Barnes and Ehlers, 2009] , or sudden, possibly as the result of loss of the lower lithosphere [Garzione et al., 2006] .
[6] Lithospheric thickness estimates for Asia based on shear wave velocity gradients [Priestley and McKenzie, 2006] reveal a core near the original Arabia-Eurasia suture with thicknesses over 200 km, thinning to near normal (100-120 km) values farther north and south. See also Kaviani et al. [2007] .
[7] Our approach to understanding the growth of the Turkish-Iranian Plateau is to combine existing seismicity and GPS data (which provide the kinematic framework for the study area) with new observations on the geology and geomorphology. Sections 2.1 to 2.3 summarize the geological background of the Arabia-Eurasia collision and the Zagros range in particular. We then provide a summary of the seismotectonics and GPS-derived velocity field, as these provide essential constraints on the location of active deformation. We utilize the seismicity data in constructing two new crustal-scale cross-sections through the Zagros, based on published geological maps, available sub-surface data, satellite imagery, and our fieldwork observations (section 3). These cross-sections emphasize the along-strike variation in the structure of the Zagros, including (1) the nature of the Dezful Embayment ( Figure 2 ) and (2) the lower degree of shortening in the High Zagros in the southeast. We examine the geomorphology of the Zagros and the adjacent part of the Turkish-Iranian Plateau in section 4, as the tectonics of a region may be recorded in its landscape. Digital elevation models, satellite imagery, and our fieldwork observations show the relationships of the landscape to the deep structure and the seismicity. [Jackson, 2001] , small dots are epicenters from the EHB catalogue 1964-1999, M >$5. Red arrows show GPS-derived velocity with respect to Asia from Sella et al. [2002] . A = Alborz; TIP = Turkish-Iranian plateau; Z = Zagros. (b) Seismicity of the Zagros: focal mechanisms reported in Nissen et al. [2011] and references therein. Note the scarcity of thrusts above the smoothed 1250 m regional elevation contour (derived using a Gaussian filter with a radius of 50 km). Earthquake epicenters are accurate to within 20 km [Nissen et al., 2011] . GPS vectors are from Walpersdorf et al. [2006] . MZRF = Main Zagros Reverse Fault (Zagros suture).
Regional Tectonics

Collision Overview
[8] The Bitlis-Zagros suture between the Arabian and Eurasian plates follows a convex-northward line within SE Turkey and runs NW-SE through northern Iraq and southern Iran (Figure 1 ). South and southwest of the suture, the original passive continental margin of the Arabian plate is now deformed by folds, thrusts, and strike-slip faults within the Zagros mountains [e.g., Jackson and McKenzie, 1984; Alavi, 1994; Berberian, 1995; Agard et al., 2011; Mouthereau et al., 2012] . The present day deformation front lies approximately parallel to the Iranian shoreline of the Persian Gulf; Cenozoic folds occur within the northeastern Gulf, detected on sub-surface seismic data [Soleimany and Sabat, 2010] . The Gulf and the neighboring plains of Mesopotamia represent the flexural foredeep to the Zagros fold-and-thrust belt [Beydoun et al., 1992; Aqrawi et al., 2010] . The original Eurasian margin lies along the southwest side of the Sanandaj-Sirjan Zone, which is an elongate block of crust that accreted to other blocks of crust within Iran during the Cretaceous [Şengör et al., 1988] .
[9] The timing of initial Arabia-Eurasia collision is still debated, with recently published estimates spanning from the Late Cretaceous/Paleocene [Mazhari et al., 2009] , the Early Miocene [Okay et al., 2010] to the Mid/Late Miocene [Guest et al., 2006] . Allen and Armstrong [2008] summarized geological evidence from both sides of the suture that indicate a Late Eocene (~35 Ma) age for initial collision, including a sharp reduction in magmatism and the development of unconformities on both the Arabian and Eurasian plates. Ballato et al. [2011] and Mouthereau et al. [2012] made the case for initial collision at~35 Ma followed by intensification of deformation at~20 Ma, perhaps caused by the end of underthrusting of thin Arabian margin crust under Eurasia, and so the onset of deformation of the interior of the Arabian plate [Morley et al., 2009] .
[10] This intensification is becoming more clear from a combination of exhumation and sedimentology/provenance studies [e.g., Fakhiri et al., 2008; Khadivi et al., 2010; Gavillot et al., 2010; Rezaeian et al., 2012] , but it is not clear whether there was a smooth, incremental migration of deformation and, potentially, plateau development toward the foreland, or if there was a more discontinuous progression in a series of abrupt re-organizations.
[11] There was possibly also a re-organization of the collision zone at~5 Ma [e.g., Axen et al., 2001] ; many of the active fault systems within the collision zone seem to have originated or intensified at this time [Allen et al. 2004] . There was no abrupt change in Arabia-Eurasia convergence rates at~5 Ma; if anything, convergence has slowed in the last couple of million years [DeMets et al., 1994; Sella et al., 2002] . Therefore, the re-organization may relate to a different cause, such as break-off of the Neo-Tethyan oceanic slab [Keskin, 2003] or the closure of the free face at the eastern margin of the collision zone [Allen et al., 2011a] .
[12] The Arabia-Eurasia collision actively deforms much of SW Asia between western Turkey and eastern Iran, across an area of~3 Â 10 6 km 2 [Allen et al., 2004; Vernant et al., 2004; Agard et al., 2011; Mouthereau, 2011; Mouthereau et al., 2012] . Deformation is distributed across a broad region from the Persian Gulf to the Caucasus, Alborz and Kopet Dagh ranges, and between the Aegean and eastern Iran. Seismicity is concentrated at fold-and-thrust belts at the margins of this region, particularly the Zagros in the south and the Greater Caucasus-Alborz-Kopet Dagh ranges in the north [ Figure 1 ; Jackson and McKenzie 1984; Talebian and Jackson, 2004] .
[13] The Turkish-Iranian Plateau covers~1.5 Â 10 6 km 2 , mostly within the territory of Iran and Turkey (Figure 1) . Most of the plateau area belonged to the Eurasian plate before collision with Arabia. Elevations are typically over 1.5 km, with subdued relief compared with the ranges to its north and south. The geomorphic expression of the plateau corresponds roughly with a division in the active tectonics: the precise correspondence is described later in this paper. Much of the plateau interior is seismically inactive, or affected by strike-slip faults that have a variety of kinematic roles including strain partitioning with fold-and-thrust belts, collision zone boundaries, and shortening by vertical axis rotations [Talebian and Jackson, 2002; Walker et al., 2004; Meyer et al., 2006; Dhont et al., 2006; Allen et al., 2011a] .
Zagros Stratigraphy
[14] Stratigraphy in the Zagros records the evolution from the passive margin of the Arabian plate to the foreland basin of the Arabia-Eurasia collision zone (Figure 3) , although as noted above, the precise time of the onset of continental collision is debated. Precambrian basement is not exposed in situ but is recorded as blocks brought to the surface in salt diapirs [Kent, 1979] , derived from the Hormuz Series. The Hormuz Series is of late Precambrian/Cambrian age and overlies the basement. The Series is present across a wide area of the Zagros and Middle East [Edgell, 1991] and contains thick evaporites, mainly halite. The original distribution of these evaporites is not known. Some geologists [e.g., Murris, 1980; Edgell, 1991] infer that the present distribution of diapirs is a guide to the original depositional extent: these occur across large areas of the eastern Zagros (Fars), but not within the Dezful Embayment or farther west ( Figure 1 ). Hormuz Series salt also crops out in the High Zagros to the north of the Dezful Embayment. Areas without salt exposures were regions of clastic deposition or non-deposition in such schemes. Other studies extend the distribution of evaporites throughout the Zagros, with later factors controlling the present distribution of diapirs [e.g., Kent, 1979] .
[15] The Hormuz Series lies at the base of a Palaeozoic platform succession, similar to strata deposited over Pan-African basement across North Africa and Arabia [Holt et al., 2010] . This is inferred to be interrupted by Permian rifting, which led to the spreading of the Neo-Tethyan Ocean from the contemporary margin of Gondwana [Şengör et al., 1988] , although the evidence on which this is based remains sparse [Szabo and Kheradpir, 1978] . Sepehr and Cosgrove [2004] illustrate an example of a Permian-Triassic half graben from the Dezful Embayment. A~4-5 km thick Mesozoic and lower Tertiary succession contains alternating deposits of clastics and carbonates [Setudhina, 1978, Sherkati and Letouzey, 2004] . Mid Cretaceous (Bangestan Group) and Oligo-Miocene (Asmari) limestones form prominent topographic markers in the Zagros landscape, by virtue of their high mechanical strength and consequent low erosion rates.
[16] Gachsaran Formation evaporites (Miocene) form a second mobile unit in the stratigraphy, below a MioceneQuaternary clastic succession that coarsens upward [Homke et al., 2004] . Classical stratigraphies for the Zagros indicate a pulse of coarse conglomerates above an intra-Pliocene unconformity [James and Wynd, 1965] . Recent work shows that these conglomeratic units are highly diachronous across the range [Fakhari et al., 2008; Khadivi et al., 2010] and most likely represent the switch to locally derived sediments in each area as deformation and relief proceed across the fold-and-thrust belt [Pirouz et al., 2011] .
Zagros Tectonics
[17] The simplest tectonic scheme for the Zagros has two divisions (Figure 2) , southwest of the suture that is known as the Main Zagros Reverse Fault. The High Zagros (or Imbricate Belt) lies between the original suture and a major thrust, the High Zagros Fault, which is mapped as running roughly parallel to the suture and 40-160 km southwest of it [Alavi, 1994; Berberian, 1995; Bosold et al., 2005] . The remainder of the Zagros is the Simply Folded Belt.
[18] The High Zagros is commonly depicted as a single tectonic unit along the length of the range, but it is not [see, for example, Authemayou et al., 2006] . Nor does the High Zagros Fault have a similar character along the length of the range. In the northwest, the High Zagros consists of low angle nappes that contain the following groups of lithologies: (i) deepwater Triassic-Cretaceous clastics known as the Radiolarite Group, (ii) Triassic-Cretaceous limestones of the Bisotun Limestone, (iii) the Kermanshah ophiolite with Late Cretaceous generation and emplacement ages, (iv) low grade metamorphics (phyllites) derived from Triassic-Cretaceous sediments, (v) Barremian-Aptian Orbitolina Limestones, and (vi) Eocene volcanics [Braud, 1970; Ghazi and Hassanipak, 1999; Agard et al., 2005] . The last three sets of lithologies derive from the Sanandaj-Sirjan Zone, i.e., on the Eurasian side of the suture, and are overthrust toward the southwest in one main sheet subdivided into three units [Agard et al., 2005] . The Arabia-Eurasia suture sensu stricto (i.e., Main Zagros Reverse Fault) lies underneath the lowermost unit derived from the Sanandaj-Sirjan Zone. Upper Oligocene-Lower Miocene conglomerates and limestones lie unconformably over the nappes and are themselves overlain by Miocene flysch [Agard et al., 2005] . The High Zagros Fault is mapped as a low angle thrust at the base of a nappe containing the Radiolarite Group [National Iranian Oil Company (NIOC), 1975] .
[19] Northeast of the Dezful Embayment, the higher ground of the Simply Folded Belt and the High Zagros are known collectively as the Bakhtyari Culmination. Highly imbricated slices of Palaeozoic and Mesozoic strata within the High Zagros [Nemati and Yassaghi, 2010] are inferred to originate on the Arabian plate. There are outcrops of the Hormuz Series salt along fault planes. Here there are the highest summits (>4000 m) and deepest erosion levels of the Zagros; rocks as old as the Cambrian are locally exposed, and the regional exposure level is typically at the Cretaceous Bangestan Group. The High Zagros Fault in this area is interpreted to cut the basement [Bosold et al., 2005; Authemayou et al., 2006] and overthrust to the southwest.
[20] The Main Zagros Reverse Fault is more linear than to the northwest and juxtaposes the Palaeozoic-Cretaceous stratigraphy against the low grade metamorphics and Cretaceous cover sequence of the Sanandaj-Sirjan Zone [Authemayou et al., 2006] . Along strike to the southeast, within the Fars region, folds within the High Zagros become more open, indicating that the structure (and percentage shortening?) of the High Zagros is not the same along strike [NIOC, 1975; 1977] . Exposures of Palaeozoic strata and exposed thrusts both become rarer to the southeast. The commonest unit exposed is the Bangestan Group, but outliers preserve Tertiary strata. The High Zagros Fault is mapped at the southwestern regional limit of the Bangestan Group but is not typically an exposed fault [Berberian, 1995] . At the northeastern side of the High Zagros in Fars, there is the Neyriz ophiolite and associated melanges (Figure 2 ), thrust to the southwest over the Arabian plate stratigraphy [Babaie et al., 2006] . These units are the equivalents of the Kermanshah ophiolite along strike to the northwest. They are adjacent to the Main Zagros Reverse Fault in this area, which is mapped as a steep thrust fault. There are no known low angle nappes derived from the Sanandaj-Sirjan Zone.
[21] The greater part of the Zagros lies within the Simply Folded Belt, where spectacular "whaleback" anticlines deform the sedimentary cover of the Arabian plate and expose the Mesozoic-Cenozoic mixed carbonate-clastic succession. Palaeozoic strata are very rarely exposed. The Hormuz Series salt crops out in diapirs in the east of the Zagros [Gansser 1992; Talbot and Alavi, 1996] , east of the Kazerun Fault in the Fars region (Figure 2 ). Within Fars, there is a triangular zone tapering northward where there are no salt diapirs (Figure 2) .
[22] The regional southern limit of Asmari Limestone exposure forms a distinct topographic front within the Zagros, referred to as the Mountain Front [McQuillan, 1991] . It has been interpreted as marking the position of a major, albeit segmented thrust front that runs along most of the Zagros: the Mountain Front Fault [Berberian, 1995; Casciello et al., 2009] . In the southeastern Zagros, it splays off another discontinuous series of faults for which Berberian [1995] used the term "Zagros Foredeep Fault," to refer to a blind "master" thrust that causes uplift along the Zagros foreland.
[23] The Zagros has two embayment features, the Dezful Embayment in Iran, and the similar but less well known Kirkuk (Kirkut, Karkuk) Embayment in Iraq [ Figure 2 ; Carruba et al., 2006; Aqrawi et al., 2010] . These are defined by subdued relief and exhumation compared with zones along strike to the NW and SE. Thus, the Asmari Limestone is not exposed within the Dezful Embayment, except at Kuh-e Asmari, but crops out all around it. The origin of these embayments is not certain. Superficially, they resemble reentrants in the front of a propagating thrust belt [Bahroudi and Koyi, 2003 ], but the Dezful Embayment does not represent a significant change in the position of the frontal structures of the Zagros: Compressional structures are present within it, and the position of the deformation front is roughly linear along the southwestern margin of the range (Figure 2 ). The high ground between the Dezful and Kirkuk embayments is known as the Pusht-e Kuh arc or the Lurestan arc.
[24] Accommodation of roughly north-south plate convergence is achieved by a combination of thrust and strike-slip faults across the Zagros, in an example of strain partitioning. Right-lateral strike-slip along the Main Recent Fault transfers to the southeast into a diverging array of faults [Talebian and Jackson, 2002; Authemayou et al., 2009] .
[25] There are now many estimates for shortening across the Zagros, based on balanced cross-sections. Some estimates put northeast-southwest shortening across the Simply Folded Belt in the order of 40-60 km, and roughly consistent whichever transect across the range is used [e.g., Blanc et al., 2003; McQuarrie, 2004; Alavi, 2007] [Paul et al., 2010] , as far as 170-270 km north of the surface trace of the suture. This range of values is distinctly higher than the 50 km of underthrusting calculated by Mouthereau et al. [2007] from structural restorations. Agard et al.
[2005] found~70 km of shortening adjacent to the suture in the northwest Zagros, where units originating in the Sanandaj-Sirjan Zone overthrust the Arabia margin.
[27] Teleseismic receiver function analysis provides information on crustal thickness under the Zagros, although the precise variation is debated. Paul et al. [2010] showed that crustal thickness is roughly constant across much of the Zagros at 42 AE 2 km (moving southwest to northeast across the strike of the range, starting from the undeformed foreland of the Persian Gulf region), to within a few 10s of kilometers southwest of the Zagros suture. Farther northeast, the crustal thickness increases to 55-70 km, with the maximum close to the line of the suture or the southwest part of the Sanandaj-Sirjan Zone immediately to its northeast. Rham [2009] described a more steady increase in Moho depth, from~40 km near the southwest limit of the Zagros tõ 55 km at the suture. The Arabian plate southwest of the Zagros has a crustal thickness of~40 km [Gok et al., 2008] .
Seismicity and Geodesy
[28] The northern promontory of the Arabian plate presently converges with Eurasia at a rate of~15-18 mm yr
À1
, in an approximately NNW direction [McClusky et al. 2000] . Convergence rates increase eastward, because the Arabia-Iran pole of rotation lies within the eastern Mediterranean region [Jackson and McKenzie, 1988] and is roughly 26 mm yr À1 at the longitude of eastern Iran [Sella et al. 2002] (Figure 1 ). These estimates are~10 mm yr À1 lower than the NUVEL-1A plate motion model of DeMets et al. [1994] .
[29] Global Positioning System campaigns provide information about the distribution of active strain within the Zagros [Vernant et al., 2004; Hessami et al., 2006; Walpersdorf et al., 2006] . Active north-south convergence across the Zagros takes place at up to~10 mm yr
, but this is concentrated in the lower elevation parts of the range [Oveisi et al., 2009] and decreases northward toward the Turkish-Iranian Plateau. Internal deformation within the plateau, north of the Zagros, takes place at less than 2 mm yr À1 , which is roughly 10% of the overall Arabia-Eurasia convergence rate [Vernant et al., 2004] .
[30] Seismicity in the Zagros is concentrated between the deformation front in the foreland and the regional 1250 m contour [ Figure 1 ; Jackson and McKenzie, 1984; Talebian and Jackson, 2004; Nissen et al., 2011] . The fit is even better if only thrust events are considered, because it leaves out strike-slip events along the Main Recent Fault and along several of the right-lateral faults to the east of the Dezful Embayment.
[31] Earthquake depths provide valuable information about the style of local deformation and the strength profile of the lithosphere. Zagros earthquake studies confirm that the crystalline basement deforms at up to depths of 20 km with earthquakes of M~5-6, but no deeper [Baker et al., 1993; Maggi et al., 2000; Talebian and Jackson, 2004; Tatar et al., 2004; Adams et al., 2009; Nissen et al., 2011] . There is some deeper microseismicity in a few areas, such as at Fin (Figure 2 ), where there is an abundance of aftershocks at 20-25 km and a few as deep as 30 km, and near Kermanshah (Figure 2 ), where there are also a few well located events at 30 km [Nissen et al., 2011] . Note there is a rough equivalence between the uncertainty in the hypocenter depth (AE 4km) and the down-dip length of fault ruptured in events of M~5-6, i.e., even if such an earthquake really occurred at 4 km above its quoted depth, the fault would have ruptured to that depth, given the magnitude of the event. Some earthquakes must occur within the sedimentary cover [Adams et al., 2009] , given that their depths are >4 km above the likely depth to basement. Roustaei et al. [2010] and Nissen et al. [2007 Nissen et al. [ , 2010 suggested that the sequences of M~5-6 earthquakes in Fin (in 2006) and Qeshm (in 2005 Qeshm (in -2009 , both in the southeast Simply Folded Belt, were generated entirely within sedimentary cover. At least some of these events involved thrust faults that dip southward, toward the foreland. Nissen et al. [2011] used earthquake depth and magnitude distributions across the Zagros to propose that ruptures of M~5 events typically affected either the sedimentary cover or the basement, but not both, consistent with the Hormuz Series salt forming an effective barrier to rupture propagation at the base of the sedimentary succession. Rarer earthquakes of M~6.5 produce ruptures so large they must cut across the salt. These earthquake data have guided our structural interpretation in Figure 4 .
[32] Low angle seismogenic thrusts are rare [Talebian and Jackson, 2004; Nissen et al., 2011] . This does not rule out aseismic slip along detachments, which would be more likely along the weak sedimentary units that act effectively as detachments in the first place.
[33] The GPS-derived velocity field and the seismicity record represent different aspects of the strain record across the region. That they both show decadal-scale quiescence across the higher elevation parts of the Zagros confirms the absence of active upper crustal shortening within this region.
3. Structural Geology: Regional Cross-sections [Jarvis et al. 2008] , NIOC 1:1,000,000 maps [1975, 1977] , 1:250,000 maps of Llewellyn [1972 Llewellyn [ , 1973 , and satellite imagery from GoogleEarth. Although it is likely that most basement faults dip to the north, as shown, this is not conclusive in the seismicity data.
combinations of 1:100,000 and 1:250,000 geological maps, satellite image interpretation, seismicity, fieldwork within and at the margins of the Dezful Embayment, and reconnaissance fieldwork in the Fars region. Debate continues as to the sub-surface structure of the Zagros [Casciello et al., 2009; Farzipour-Saein et al., 2009; Vergés et al., 2011; Yamato et al., 2011] . The problem is that there are few sub-surface data, especially for depths >10 km where most controversy exists over fold and fault geometry. It is possible to draw fold and fault geometries that are very different at depth, based on the same surface and near-surface data. One end-member model emphasizes detachment of the cover from the basement, particularly along the Hormuz Series salt, but also on lateral equivalents where the evaporites are not known to exist [Stöcklin, 1968; McQuarrie, 2004; Yamato et al., 2011] . The other end-member links each exposed fold to a basement thrust [Ameen, 1991] . It is entirely feasible that both thick-skinned and thin-skinned styles of deformation occur in the range, with multiple detachments within the sedimentary cover, co-eval with basement thrusts [Blanc et al., 2003; Ahmadhadi et al., 2007; Casciello et al., 2009; Mouthereau et al., 2006; 2007] . The latter are especially likely at zones of high structural relief, the so-called master faults of the Zagros [Berberian, 1995] .
[35] Seismicity clearly indicates that the basement actively deforms with events of M~5-6 [Baker et al., 1993; Talebian and Jackson, 2004; Tatar et al., 2004; Nissen et al., 2011] : Hypocenters of up to 20 km depth are located beneath the sedimentary cover, even allowing for uncertainty in the precise depth of the hypocenter and the thickness of the stratigraphy. We use this constraint to guide our interpretation of Figure 4 , locating a major basement thrust at features with particular structural relief, such as the Mountain Front Fault [Berberian, 1995] . Other basement thrusts are likely, given the seismicity record, but it is hard to know their exact relation to exposed folds; the locations of epicenters are not precise enough.
[36] There are also sufficient data to show that most (~75%) earthquakes of M~5-6 are located within the cover and do not cut across the Hormuz Series salt or any lateral equivalents [Nissen et al., 2011] . This constraint is also honored in the cross-sections: Thrusts are blind and may not cut through carbonate anticlines exposed at the surface, but they do exist under the Zagros Simply Folded Belt within the cover stratigraphy.
Dezful Embayment/Bakhtyari Culmination
[37] The section in Figure 4a covers the Dezful Embayment and higher terrain in the Bakhtyari Culmination to its northeast. The Dezful Embayment is a low relief, low elevation region within the Simply Folded Belt, covering 75,000 km 2 . The origin of the Embayment may relate to the pre-collision structural evolution of the Zagros, and the discontinuous distribution of ophiolite nappes along its northeast margin: These are lacking adjacent to the Embayment, in contrast to the regions to the north and southeast [Allen and Talebian, 2011] . The Cenozoic sedimentary succession reaches over 5 km in thickness [Koop and Stoneley, 1982] , and alluvial deposition continues across much of the Embayment at present. However, it is not internally undeformed but contains anticlines that act as hydrocarbon traps to Iran's most important hydrocarbon fields [Beydoun et al., 1992; Carruba et al., 2006] . These include the Ahwaz anticline at the southwestern side of the Embayment (Figure 2 ). Seismicity occurs within the Embayment [Talebian and Jackson, 2004] , and the fold geomorphology indicates active growth [Allen and Talebian, 2011] , reinforcing the point about active deformation. The folds within the Dezful Embayment typically do not expose the Asmari Limestone or older units (Figure 4a ), permitting the hydrocarbon systems to operate without breaching of the traps.
[38] Like most previous cross-sections for the Zagros [e.g., Blanc et al., 2003; McQuarrie, 2004 , Sherkati et al., 2006 Farzipour-Saein et al., 2009 ], we show little or no basement relief where there is no change in structural elevation on either side of anticlines. This is the simplest reconstruction but is an over-simplification given that the regional structure is affected by rifting during the Permian-Triassic [Sepehr and Cosgrove, 2004] and probably older and younger intervals [Frizon de Lamotte et al. 2011] . In such cases, inversion of rift faults would involve the basement beneath anticlines but not produce significant structural relief at higher, exposed, levels of the stratigraphy.
[39] Our interpretation depicts the folds as being strongly linked to underlying thrusts. This view is strongly influenced by the seismicity record: It is hard to see how a region affected by numerous M~5-6 events cannot be affected by fault slip (recalling that an event of M~6 produces slip in the order of 1 m). Several papers model the Zagros folds as buckle structures (e.g., Yamato et al., 2011) , but this approach does not account for the seismicity.
[40] The Gachsaran evaporites form a detachment between overlying and underlying stratigraphy, and mean that the uppermost parts of folds can be disharmonic with the underlying structure [O'Brien, 1957; Sepehr et al., 2006] . Brittle thrusts deform this unit where it crops out on the northeast side of the Dezful Embayment (Figure 5a ) and place it over younger strata of the Agha Jari Formation. Such faults are depicted schematically on Figure 4a , which does not attempt to represent the detailed structure within and above the Gachsaran Formation. Other plausible décollement units include the Cretaceous Kazhdumi Formation (mudrocks) and the Triassic Dashtak Formation (evaporites) [Sepehr et al., 2006; Vergés et al., 2011] .
[41] An important structural step in this section line comes at the Mountain Front Fault (Figure 5b) , where the exposure level deepens to involve the Asmari Limestone, suggesting a regional elevation of basement on the kilometer scale [Berberian, 1995] . Anticlines to the northeast, within the remaining~30 km of the Simply Folded Belt, expose the Bangestan Group. Major anticlines within the Simply Folded Belt are not adjacent to exposed thrusts but are interpreted to overlie blind thrusts (Figure 4a) .
[42] The High Zagros Fault is the southwestern exposed thrust associated with a major hanging wall anticline [Bosold et al., 2005] and marks the boundary of the High Zagros. The High Zagros is at its narrowest where it is northeast of the Dezful Embayment (Bakhtyari Culmination), with a width of ≤50 km. This contrasts with the Fars region, where it is mapped as 100 km wide. There is much more imbrication in the High Zagros, compared with the Simply Folded Belt within and adjacent to the Dezful Embayment [NIOC, 1975; Authemayou et al., 2006; Nemati and Yassaghi, 2010] . Structural vergence is generally toward the southwest in the High Zagros; thrusts dip northeast. The presence of Hormuz Series salt along thrust planes and the lack of basement exposures suggest that the salt strongly decouples the cover and basement in this area. The spacing of thrusts decreases toward the Main Recent Fault, which is an active, right-lateral strike-slip fault [Talebian and Jackson, 2002; Authemayou et al., 2009] , roughly along the line of the original suture between the Arabian and Eurasian plates (Main Zagros Reverse Fault). We depict the Main Recent Fault as dipping steeply, and cross-cutting inactive thrusts of the High Zagros at depth, based largely on the seismicity pattern in the area [Nissen et al., 2011] .
[43] We find no evidence for two separate structural styles or events in the folds, reported in the far east of the Zagros as evidence for a change from thin-skinned to thick-skinned thrusting over time [Molinaro et al., 2005] . Therefore, such a two-stage structural evolution is not considered further in our interpretation of the main part of the Zagros.
[44] The northeastern limit of significant seismogenic thrusting in this region lies within the Simply Folded Belt, to the southwest of the High Zagros Fault. There is no single structure associated with the cutoff, although earthquakes are concentrated in the region where topography climbs from the plains of the Dezful Embayment but elevations are below 750 m.
[45] Figure 4c is a restored section for the line of Figure 4a . The Simply Folded Belt is estimated to have shortened bỹ 55 km or roughly 20%. This is line with previous estimates for the same region [e.g., Blanc et al., 2003; McQuarrie, 2004] . Shortening for the entire Arabian plate is harder to constrain, because of the highly deformed nature of the High Zagros and the presumed deformation of rocks underthrust below the suture zone. We tentatively estimate shortening for the Arabian plate as far as the suture as~110 km. Underthrusting of the Arabian plate beneath Eurasia and shortening within Eurasia need to be added to this value to calculate total convergence in the collision zone.
Fars
[46] The structure across the Fars section line (Figure 4b ) is much more uniform than the Dezful/Bakhtyari Culmination transect, without an equivalent division between a region of low relief/elevation/exhumation and a corresponding imbricate zone to the northeast [Mouthereau et al., 2007] . Although some equivalent structural units and boundaries have been defined and mapped [Berberian, 1995] , they have little in common with the Dezful/Bakhtyari Culmination region depicted in Figure 4a . The Mountain Front Fault is usually mapped at the southernmost exposure of Asmari Limestone, which is within 20 km of the modern shoreline of the Persian Gulf (Kuh-e Namak on Figure 4b ). The most dissected anticlines along this line expose Cretaceous limestones of the Bangestan Group. Some authors place the Mountain Front Fault~100 km further north, along a line of anticlines that also expose the Bangestan Group [e.g., Sepehr and Cosgrove, 2004] . This is at Kuh-e Surmeh along the section line of Figure 4b . There is no regional equivalent to the subdued folds and relief of the Dezful Embayment. Berberian [1995] used this geomorphic marker to suggest that the Mountain Front Fault was originally continuous along the Zagros and is offset by 10s of kilometers along the Kazerun Fault, at the eastern side of the Dezful Embayment. However, detailed structural studies along the Kazerun Fault reveal much smaller offsets, on the order of 10 km [Authemayou et al., 2006; Lacombe et al., 2006] . Therefore, the southernmost appearance of the Asmari Limestone is a prominent geomorphic marker along the Zagros, but not one that marks an original, contiguous fault zone. The term "Mountain Front Fault" needs to be used with this caveat in mind.
[47] Other folds within the Simply Folded Belt to the north also expose the Asmari Limestone, and locally the Bangestan Group. These are classic Zagros whaleback anticlines, with half wavelengths in the order of 10 km and slight vergence toward the south (Figure 5c ). As for the Dezful region, the deep structure of these folds is not clear, nor how they relate to underlying detachment(s) in the sedimentary cover and thrusts in the basement. Tatar et al. [2004] concluded that there need not be a one-to-one correlation between basement faults and observed folds, based on the spacing between seismic lineaments of 15-20 km and a calculated fold spacing of 10-15 km. (However, Mouthereau et al. [2007] reported an average wavelength of 16 AE 5 km for 149 Zagros folds, essentially the same as this seismic lineament spacing.) Some thrusts may dip to the south, where there is little or no asymmetry in the overlying folds [Roustaei et al., 2010] . There is no obvious change in fold style northeast of the limit of seismogenic thrusting (Figure 4b) .
[48] The High Zagros Fault is conventionally mapped within Fars as a thrust at the southern limit of the regional exposure of the Bangestan Group [Berberian, 1995] . The distinction is not completely clear-cut. Lower Tertiary strata crop out, albeit locally, northeast of the defined High Zagros Fault trace [e.g., NIOC, 1977] , and as noted above, there are Bangestan Group outliers in the cores of many of the anticlines within the Simply Folded Belt. Nor is a thrust exposed in the region of the cross-section: The High Zagros Fault is presumed to be blind. Our cross-section (Figure 4b ) demonstrates that a basement thrust is a feasible solution for the structure of the High Zagros Fault in this region, but not a unique solution. Its throw appears to be comparable with blind thrusts inferred beneath the Simply Folded Belt to the south, i.e., in the kilometer range. The difference is that an exhumation threshold has been crossed at the higher elevations in the north. Once the Asmari Limestone is removed by erosion, it is rare for a mantle of Lower Tertiary and Upper Cretaceous clastics to survive on the anticline crests; erosion removes these softer rocks until the resistant Bangestan Group limestones are reached (Figure 5d ).
[49] Whereas the High Zagros in the Bakhtyari Culmination (Figure 4a ) contains abundant thrusts and exposes Palaeozoic strata and Hormuz Series salt, the equivalent zone in Fars consists of whaleback anticlines that are identical to counterparts in the Simply Folded Belt to the south (Figure 5d ). Only the level of exhumation is different: deeper, but only on the scale of a kilometer or less. Large scale overthrusts and nappes of ophiolitic and/or suture zone rocks are not present until ≤30 km of the suture.
[50] The northeastern limit of major seismogenic thrusting lies within the Simply Folded Belt, up to 100 km south of the defined line of the High Zagros Fault. It does not correspond to any individual structure within the Simply Folded Belt, but there is a good correspondence with the 1250 m regional topographic contour [Jackson and McKenzie, 1984 [51] Figure 4d is a restored section through the Fars line of Figure 4b . Northeast of Kuh-e Surmeh, the fold orientation is variable (Figure 2 ), which adds a degree of imprecision to the restored section. Shortening across the Simply Folded Belt is~68 km or~20%. The shortening value is higher than the Dezful Embayment/Bakhtyari Culmination line (55 km), although the percentage shortening is roughly the same. The Simply Folded Belt shortening estimate is in line with many previous estimates for the Zagros [see summaries in Agard et al., 2011 , Vergés et al., 2011 , although much greater than those that assume little or no faulting in the cover [Mouthereau et al., 2007; Vergés et al., 2011] . As noted, the seismicity record requires faulting in the sedimentary cover with earthquakes of M~5 or above, and so we used this in our interpretation. Total shortening of the original Arabian plate is hard to determine because of greater uncertainty in the structure at depth, close to the suture zone.
[52] We tentatively estimate~100 km shortening of basement across the entire Arabian plate, and~120 km shortening of cover; the difference is due to the Radiolarite Group being stripped off its basement and transported farther southwest over the Arabian margin. These values are likewise in line with the restored section to the northwest but are also speculative because little is well constrained about the sub-surface structure near the suture zone. This estimate does not include any wholesale underthrusting of the thin, leading edge of the Arabian plate beneath Eurasia [Paul et al., 2010] .
[53] We have only interpreted basement faults in each cross-section where there is a distinct change in structural relief on either side of an exposed structure (e.g., Kuh-e Namak and Kuh-e Surmeh), consistent with seismicity data that suggest larger earthquakes in the Zagros occur in regions of greater structural relief, on faults that cut through the basement-cover boundary [Nissen et al., 2011] . This can be seen as a minimum interpretation of basement involvement, but until more seismic data are available, it may not be possible to make more detailed interpretations. In any case, there are enough structural and seismicity data for basement involvement to call into question models that treat the Zagros as a critically tapered wedge above a basal decollement at the level of the Hormuz Series [e.g., Ford, 2004; McQuarrie, 2004] ; it seems clear that as the basement is involved in the deformation, at very least, any critical taper model must include the basement . There may be a compromise, whereby typical basement thrusts have moved only so far as to juxtapose the Hormuz Series rocks originally on either side of the Permian-Triassic rift. In the jargon of inversion tectonics, this is equivalent to saying that the null point of the inverted fault is at the level of the Hormuz Series.
Geomorphology
Topographic Profiles and Gradients
[54] Figures 6a and 6b are composite topographic profiles across the Dezful/Lursetan and Fars regions of the Zagros, following the line of the cross-sections in Figure 4 , and showing the maximum, mean, and minimum elevations for a swath covering 50 km on either side of the central line. Elevations were obtained from version 4 of the Shuttle Radar Topography Mission (SRTM) dataset [Jarvis et al. 2008] . SRTM data have a pixel size of 90 m, and specified vertical absolute accuracy of ≤16 m [Rodriguez et al. 2005] . Specific vertical relative accuracy is quoted as ≤10 m [Rodriguez et al. 2005] .
[55] The interior of the Dezful Embayment is only a few 10s of meters above sea level. Average topographic gradient across the Dezful Embayment is 0.0004, i.e., a very low orogenic taper. Mean elevations were used for the calculation. Most of the elevation change (~2 km) in the Dezful/ Bakhtyari Culmination section (Figure 6a ) takes place northeast of the Mountain Front Fault, across~100 km of the section, as far northeast as the line of the Main Recent Fault. The Main Recent Fault is commonly a prominent depression in topographic profiles across the Zagros, caused by the localized erosion along the steep fault trace, and the presence of pull-apart structures such as Borujerd [Talebian and Jackson, 2002] . The orogenic taper along the profile in Figure 6a between the Mountain Front Fault and the Main Recent Fault is 0.022. The final part of the section contains the highest elevations (typically~2.5 km), and the drainage divide. Between the Main Recent Fault and the drainage divide, the taper is 0.012, and from the divide to the end of the section, it is 0.007, down to the northeast. Whereas the Mountain Front Fault is a clear change in the topography, corresponding to the start of the high gradient section noted above, the High Zagros Fault does not coincide with a significant topographic step. Nor is there a change in topography at the limit of seismogenic thrusting, either at the regional~1250 m threshold or the local limit of <500 m along the topographic profile.
[56] The Fars profile (Figure 6b ) shows a steady climb from the coast up to mean elevations of~1750 m at 180 km inland (250 km along the profile), with a taper of 0.010. The rest of the profile as far as the drainage divide at 425 km has a lower taper of 0.002; i.e., the mean elevations show a plateau topography. The difference between the maximum and minimum elevations decreases to the northeast of~250 km along the profile, reflecting alluvial infilling of the synclinal valleys. Neither the High Zagros Fault nor the Main Zagros Reverse Fault corresponds to a pronounced topographic step; the change over from the higher to lower taper occurs southwest of the High Zagros Fault, and northeast of the 1250 m elevation contour that roughly marks the limit of seismogenic thrusting. The transition between the two parts of the section lies within the Simply Folded Belt and does not correspond to any major structure mapped at the surface. The swath includes externally drained regions as far as the High Zagros Fault, hence the steady climb in minimum elevation to this point.
[57] The maximum value profile in Figure 6b picks out the peaks of individual fold crests within both the Simply Folded Belt and the High Zagros. These are largely smoothed out in the mean value profile, because the swath width is greater than the length of any individual fold. A couple of folds are so long that their crests perturb the mean and minimum profiles.
[58] The rise in average elevations north of the seismogenic thrust limit (Figure 6b ) occurs up to roughly the regional 1750 m elevation contour. It presumably involves an isostatic response to crustal thickening, but the precise mechanism for this thickening is literally cryptic: There is no signal from seismicity or available GPS coverage [Hessami et al., 2006; Walpersdorf et al., 2006; Nissen et al., 2011] (Figure 1b) . We return to this issue in section 5.
[59] To understand the topographic signatures in more detail, we have analyzed the variation in gradient and elevation across the Zagros, across the structural strike through both the Dezful Embayment and Fars regions. Data are derived from the SRTM v4 dataset [Jarvis et al. 2008] .
[60] Figure 7 shows the gradients for the Dezful Embayment and adjacent areas of the Zagros, derived from the SRTM digital elevation data and processed using ArcGIS software. Low gradients across the Embayment (generally equivalent to slopes of <1 ) contrast with higher gradients (>0.1, roughly equivalent to >10 slopes) within the Bakhtyari Culmination to its northeast, both within areas defined as the Simply Folded Belt and the High Zagros. This is a different pattern from that in either the Pusht-e Kuh arc to the northwest or the Fars region to the southeast. In both of these areas, a more consistent pattern of slopes applies from the deformation front to the northern limit of the High Zagros: High slopes over the spaced anticlines are separated by low slope regions of the synclines. The synclines are typically occupied by rivers, either draining externally or dammed. The valleys tend to be wider in the High Zagros than the Simply Folded Belt, both in the Pusht-e Kuh arc and in Fars (Figure 7) . The strong carbonates exposed on the anticline flanks maintain high slopes, such that there is no discernible reduction in slope between the seismically active and inactive parts of the range (Figure 7) . [61] Figure 8 shows normalized frequency histograms for gradients within windows in the Turkish-Iranian Plateau and southwest across the suture in to the Zagros range. Data are shown in gradient divisions of 0.05. Four windows are used for two transects, across the Dezful Embayment/ Bakhtyari Culmination and Fars; locations are shown on Figure 7 . Window size is varied to make sure windows lie entirely within one or other of the zones of interest. Therefore, the windows northeast of the suture are 1 Â 1 , while those to the southwest are either 0.5 Â 0.5 , or 0.25 Â 0.25 within the narrow Bakhtyari Culmination.
[62] Results for the Dezful/Bakhtyari Culmination windows, D1-D4, are shown in Figure 8a . There are low gradients within the Embayment itself (D4), as expected. Both the windows between the Mountain Front Fault and the Main Recent Fault (D2 and D3) show a roughly symmetrical distribution of values around a highest frequency gradient of 0.5-0.6. Not only are there high summits and steep slopes in these windows, but there are not significant plains along the valleys. Gradient distributions in region D3 (Simply Folded Belt above 1250 m) are intermediate between the distributions of D2 (High Zagros) and D4 (Dezful Embayment).
[63] Plateau morphology is only established northeast of the Main Recent Fault, where the frequency peak is at gradients of 0.05 (D1). We interpret these results to mean that crustal thickening has occurred northeast of the Mountain Front Fault, producing the steady increasing elevation. The mechanism is addressed in section 5.
[64] Results for the higher elevation Fars windows north of the limit of seismogenic thrusting (F1-F3) show peaks in frequency at gradients of 0.05 for each window (Figure 8b) , with the frequency at this peak increasing from southwest to northeast. The lowest elevation window, within the seismogenic thrust sector of the Simply Folded Zone (F4), shows a frequency peak for gradients of 0.1, and a positively skewed distribution.
[65] The relief in the Fars region becomes more subdued beyond the limit of seismogenic thrusting. In this higher area, many of the synclinal basins are being infilled by alluvium, leading toward the construction of plateau geomorphology, including regions that are geologically part the Simply Folded Zone.
Drainage Patterns
[66] In this section, we look at the form of the main drainage basins that cover the Zagros, to see how they relate to the deformation patterns. Mouthereau et al. [2007] and Ramsey et al. [2008] have analyzed the interactions between rivers and individual folds in the Zagros. Burberry et al. [2008] presented a comprehensive map of drainage within the east of the Zagros.
[67] There are three main drainage basins in the Iranian Zagros (Figure 9 ) that drain through the rivers Karen, Mand, and Kul, and several smaller ones along the coast, such as Zohreh and Helleh [Oberlander, 1965] . Three internally drained areas occur within the Fars region: Niriz, Shiraz, and a collection of smaller basins we informally call Razak [Mouthereau et al., 2007; Walker et al., 2011] , after the settlement within the area.
[68] Rivers in the Karun drainage basin (Figure 9 ) converge on the Dezful Embayment and join the Karun low altitude, and its existence as a depocenter back to the Oligocene [Koop and Stoneley, 1982; Motiei, 1993] .
[69] The northwest boundary to the Karun drainage basin is in the region of the Khanaqin Fault (Figure 2) . The boundary between the Karun, Niriz, and Mand drainage basins lies close to the north-south Kareh Bas and Kazerun faults (Figure 2) . Therefore, both of these prominent drainage divides occur at important structural boundaries within the Zagros. In both cases, the region of the drainage divide is marked by a change in relief, with higher ground and deeper exposure level to the east (Figure 9 ; NIOC, 1977).
[70] The Mand and Kul drainage basins are roughly equal in size and proportions (Figure 9 ). They are separated by the Razak region of internal drainage, roughly 10,000 km 2 in area [Mouthereau et al., 2007; Walker et al., 2011] . This region may have become isolated and through-going drainage defeated as the result of fold growth in the south [Walker et al., 2011] . Walker et al. [2011] and Khadivi et al. [2012] noted that sediment ponding would act as a process to raise average elevations in the lower elevation regions of internally drained basins and so encourage plateau development [Sobel et al., 2003] . Note that the Razak region lies below the regional 1250 m contour and within the area affected by seismogenic thrusts.
[71] There is less evidence of antecedent drainage in the Mand and Kul systems than in the Karun drainage basin, witnessed by the greater sinuosity of the Mand and Kul and their tributaries. There are more places where the rivers are diverted around the rising tips of folds [Ramsey et al., 2008] . This is possibly because discharge rates and sediment flux are lower in the Fars region than the Dezful Embayment/Bakhtyari Culmination [Oberlander, 1965] , and topographic gradients are lower (section 4.1), such that the rivers lack sufficient stream power to cut through rising folds.
[72] The Iranian coastline of the Persian Gulf lacks major deltas southeast of the Tigris/Euphrates system and is relatively sediment starved, even at the mouths of the Mand and Kul Rivers (Figure 9 ). This in contrast to the Dezful Embayment, where progradation of the Karun has rapidly changed the shoreline of the Gulf [Heyvaert and Baeteman, 2007] , possibly at rates of 20 m/a between 5000 and 2500 BP.
[73] Small drainage basins occupy the coastal strip of the eastern Zagros, enhancing the sediment starvation of this coast. Between them and the Mand and Kul drainage basins, there is an elongate drainage basin, occupied by the Mehran River, which flows west to east between two prominent anticlinal ridges for~300 km [ Figure 9 ; Ramsey et al., 2008] . The relative timings of drainage evolution are not certain, but it is likely that the Mehran drainage basin is a late stage feature, given its position near the frontal structures of the Zagros.
Landscape Evolution
[74] In section 3, we highlighted how the limit of seismogenic thrusting corresponds with the regional 1250 m elevation contour, but not a distinctive structural boundary at exposed levels. In section 4.1, we showed that the topographic profiles across the Zagros do not closely reflect this division between thrusting and non-thrusting parts of the range, with high regional topographic gradients beyond the limit of seismogenic thrusting. In this section, we describe local patterns of slope and incision in different parts of the Zagros.
[75] The development of plateau morphology in the Fars region is reflected in local patterns of deposition and incision (Figure 10a ). Anticlines within the actively thrusting part of the Simply Folded Belt are associated with alluvial fans on their flanks (Figure 10b ). These fans are traversed by braided river channels, which may be incised. Some anticlines are flanked by bajadas (Figure 10c ). There is a lithological control on whether flanking fans are discrete or merged. Fold limbs that expose one or the other of the Asmari or Bangestan carbonates tend to be flanked by bajadas, formed from numerous small, parallel streams that flow down the fold limb. Kuh-e Mehmand is an example (Figure 10c ). Where the Asmari Limestone has been breached but still forms the main topographic slope, drainage upstream of the Asmari Limestone outcrop coalesces into systems with enough stream power to penetrate the Asmari Limestone ridge that faces the fold axis (e.g., Kuh-e Namak, Figure 10b ). Such rivers form wider-spaced drainage at lower elevations on the fold flanks.
[76] Rivers in the internally drained basins terminate in lakes such as Daryacheh-Ye Maharlu, 20 km southeast of Shiraz (Figure 10a ). Significant lengths of the margins to these basins lack transverse alluvial fans. Sediment transported by axial rivers is aggrading, filling the basin topography. The anticlines are effectively being buried by the clastic sediments, even though the resistant carbonate lithologies maintain steep slopes (Figures 10d-10e) .
[77] Our interpretation of this variation in landscape is that the alluvial fans on the frontal folds in the Zagros, which are actively deforming and undergoing surface uplift, are prone to tilting, incision, and cannibalisation by active river channels. Once an area has ceased seismogenic thrusting, it is smoothed out by erosion, leading first to the bajadas and in the final stage to the wide valleys and lakes within the High Zagros, without axial fans on the flanks of the subdued fold Figure 9 . Drainage patterns of the Zagros. Note the internally drained areas both outside and within the zone of seismogenic thrusting.
topography. In this way, the lateral tectonic growth of the Turkish-Iranian Plateau toward the southwest is followed by its geomorphic growth. There is no fixed rate at which the time lag occurs, partly because there is a dependency on whether a region in the High Zagros keeps an efficient external drainage connection through to the rest of the range and the coast, or if it becomes internally drained [Walker et al., 2011] .
Discussion
[78] Several papers have addressed the topographic profiles across the Zagros in terms of implications for underlying detachment horizons, especially along the Hormuz Series at or near the basement/cover interface [Ford, 2004; McQuarrie, 2004; Mouthereau et al., 2006; 2007] . The width (~300 km) and elevation drop (~2 km) across the Fars sector of the Zagros combine (Figure 6b ) to give it a low average gradient, previously interpreted in terms of an efficient Hormuz salt detachment allowing effective propagation of thrusting toward the foreland [Ford, 2004] . The problem with such interpretations lies in treating the Zagros as though there is a single gradient that applies across the range. This is not the case for either swath shown in Figure 6 .
[79] An alternative explanation is as follows. Seismogenic thrusting takes place at elevations <1250 m, and associated crustal thickening produces the topographic gradient between sea level and this elevation [Jackson and McKenzie, 1984; Nissen et al., 2011] . Seismogenic thrusting ceases once the elevation gain is sufficient to generate enough gravitational potential energy to resist additional shortening [Allen et al., 2004] . GPS-derived velocity field data give support to this argument, as velocities drop off well southwest of the High Zagros (Figure 1b ), although the current density of available data is not high enough to compare precisely to the seismicity and topography signals [Hessami et al., 2006; Walpersdorf et al., 2006] . But another process must be going on, as average elevations climb to~1750 m in Fars, and~2500 m northeast of the Dezful Embayment ( Figure 6 ). If the extra elevation is a consequence of crustal shortening and thickening, via isostasy, part of this must happen by aseismic processes. However, low GPS-derived velocities, relative to central Iran, across the higher parts of the Simply Folded Belt and the High Zagros [Hessami et al., 2006; Walpersdorf et al., 2006] make this unlikely to be happening actively at upper crustal levels, in keeping with the reduction in thrust seismicity above the 1250 m regional elevation contour.
[80] We conclude that there is a contribution from aseismic and/or ductile crustal thickening of the basement beneath the higher parts of the Simply Folded Belt and the High Zagros, consistent with the increase in crustal thickness as the suture is approached from the southwest [Paul et al., 2006; Rham, 2009; Mouthereau et al., 2012] .
[81] Underneath the suture zone and the Sanandaj-Sirjan Zone, high elevations may relate to underthrusting of the leading edge of the Arabian plate, with or without additional internal thickening of the crust [Mouthereau et al., 2007; Paul et al., 2010; Agard et al., 2011] . Southwest of the suture such underthrusting is not geometrically feasible because the region is within the Arabian plate. The same geometric argument applies to the idea that break-off of the subducted oceanic Neo-Tethyan slab could have caused surface uplift: This may apply north of the suture in regions such as eastern Turkey (given that any such break-off is likely to be a geologically recent phenomenon, van Hunen and Allen, 2011) but is unlikely to the south.
[82] Ductile shortening of the Arabian plate basement is a more plausible explanation of the elevations above the seismogenic limit of thrusting. This extra elevation abovẽ 1250 m is effectively a topographic signal of depth-dependent strain during mountain building and plateau construction, and approximates to pure shear under the higher parts of the Zagros. It is analogous to models of depth-dependent continental extension, where different values for the extension factor, b, determined by upper crustal and whole crustal methods have been used to infer greater strain in the weak lower crust compared to the strong upper crust [e.g., Driscoll and Karner, 1998 ]. There is a further similarity to models of continental extension [e.g., Jackson and White, 1989] , in that the Zagros need not be underlain by a single low-angle thrust, detaching everything above it from underlying basement. Instead, individual thrusts may tip out at the seismic-aseismic transition, passing into a region of diffuse, ductile deformation.
[83] We rule out a flexural effect from loading in the suture zone: The effective elastic thickness of the Arabian plate is~15 km [McKenzie and Fairhead, 1997] , which is much lower than the distance between the limit of seismogenic thrusting and the establishment of a low taper in the Fars region (~40 km, Figure 6b) .
[84] Across much of the Turkish-Iranian Plateau farther north the elevated crust is neither especially thick nor actively shortening [~42 km across central Iran north of the Sanandaj-Sirjan Zone; Paul et al., 2006] . Support from mantle density variations may be a factor promoting the regional elevation in this region: Maggi and Priestley [2005] used surface wave tomography to show an area of low velocities in the upper mantle to depths of~200 km below the TurkishIranian Plateau. The widespread, if patchy, Quaternary basaltic magmatism across the plateau implies partial melting, consistent with this idea [e.g., Pearce et al., 1990; Kheirkhah et al., 2009] . Such mantle may support elevated topography, above what is generated by the crustal thickness alone. However, Allen et al. [2011b] showed that some parts of the plateau near the Turkey/Iran border are characterized by relief that essentially pre-dates the Quaternary magmatism in the region, and slow rates of incision since the lavas flowed down the valleys (0.01-0.05 mm yr À1 ).
[85] The cutoff in seismogenic thrusts in the Zagros occurs at lower elevations (~1250 m) than in the Himalayas and Tibet [~3.5 km; England and Houseman, 1988] , and the maximum elevations of the Zagros and the Turkish-Iranian Plateau are also much lower (~2 km regional elevation compared with~5 km for Tibet). It is not completely clear why this is the case. It may relate in some way to the strength of the crust in each area, with both the Arabian plate and Iran being weaker than India and Tibet [England and Houseman, 1988; Maggi et al., 2000] . There is a striking similarity between both plateaux, notwithstanding the differences in absolute values of elevation: In both regions, there is a regional gain in elevation above the seismogenic limit of thrusting, implying that another process is involved. In Tibet, this extra elevation has been explained by loss of the lower lithosphere and consequent isostatic uplift [England and Houseman, 1988] . However, recent work on the deep structure of Tibet indicates that a thick lithosphere is in place under much if not all of the plateau [Priestley and McKenzie, 2006; Chen et al., 2010] , with obvious implications for delamination models. Nor can underthrusting of the Indian plate be responsible for the excess elevation at all the plateau margins: It is not simply a phenomenon confined to a linear front across Tibet. We therefore speculate that depthdependent crustal shortening is responsible for the extra elevation of the Tibetan plateau, above the 3500 m limit of seismogenic thrusting.
[86] New crustal-scale cross-sections help define the regional structure of the Zagros. In the eastern Zagros (Fars), the whole fold-and-thrust belt is~300 km across strike and has a similar structural style throughout, albeit with a deeper erosion level in the High Zagros than the Simply Folded Belt. In the northwest Zagros (Lurestan/Khuzestan provinces), the fold-and-thrust belt is narrower and includes a low-deformation zone within the southwest of the Simply Folded Belt: the Dezful Embayment. This region has resisted late Cenozoic deformation better than its surroundings and acts as a major depocenter. Deformation is correspondingly more intense northeast of the Dezful Embayment in the Bakhtyari Culmination, presumably to maintain roughly constant strain across the Zagros as a whole. This is reflected in the geomorphology of this area, with the highest elevations and steepest slopes in the whole of the Zagros (Figures 7 and 8) . As a consequence of the Dezful Embayment, lateral plateau growth is more limited at these longitudes than to the east in Fars, where plateau growth has migrated furthest south in the Zagros.
[87] Several factors in Fars create low exhumation rates, which lead to more rapid crustal thickening for any given shortening, and therefore crust that more rapidly reaches the elevation threshold at which seismogenic thrusting stops. These factors are as follows: a semi-arid climate and consequent low erosion rates; a regional salt detachment and/or inherited basement faults-both of which encourage deformation to propagate toward the foreland; and resistant carbonate lithologies at both Tertiary and Cretaceous levels, which impede erosion and exhumation.
[88] These ideas are summarized in Figure 11 , which shows seismogenic thrusting occurring in a belt across the Zagros that at any one time is confined to the region below 1250 m elevation. As crustal thickness builds up, the location of this belt migrates toward the foreland, over time including areas previously unaffected by significant thrusting.
[89] There is no abrupt change in the landscape of the Zagros to match the cutoff in active, seismogenic thrusting. But there is a reduction in topographic gradient across the hinterland parts of the range, and a tendency to form internally drained basins. Sediment filling these basins enhances the smooth topography in these regions, as anticlines are gradually buried in alluvium [Walker et al., 2011] . Even in areas with external drainage, the semi-arid climate keeps the rivers relatively small, while limestone gorges choke off sediment flux and pond it within synclinal basins. Such inefficient erosion and sediment transport reduces the average gradient of the Zagros, even though summits of carbonate-cored anticlines resist erosion and maintain high relief above the surrounding plains.
[90] The way in which seismogenic thrusting relates to topography in the Zagros, rather than major structural boundaries, is more in keeping with models of tectonics that highlight its diffuse nature [continuum approach, e.g., Liu and Bird, 2008] , rather than microplate models [e.g., Reilinger et al., 2006] . Microplate models may honor the kinematic data but do not capture the incremental changes in the distribution of strain over time, nor the possibility that lower and upper crustal deformation are decoupled. By its very nature, aseismic, probably ductile, basement strain is difficult to detect. Topographic signals, such as the elevation climb of the Zagros detailed in this paper, may be one of the best insights in areas of active deformation.
[91] The structure of the Zagros is also very relevant to critical taper models of fold-and-thrust belt growth [Dahlen, 1990] but raises some problems: Steep thrusts that are present and active across wide areas of the range and involve basement do not easily fit the idea of a single, low-angle detachment at the base of a deforming zone. Nor is there a single topographic slope that applies across any given crosssection; rising topography beyond the limit of seismogenic thrusting implies a decoupling of upper crustal (brittle) and lower crustal (ductile) deformation, but one that is ultimately limited by the buoyancy force associated with elevated crust, rather than a requirement to maintain a critical angle for an entire orogenic wedge.
[92] Acknowledgments. We thank the Geological Survey of Iran for their support. Part of this work was started when MBA and EJB were at CASP, Cambridge. This work was supported by the Natural Environment Research Council [grant number NE/H021620/1]. We thank Olivier Lacombe, an anonymous reviewer, and the editors for their helpful comments on the first version of the paper. Figure 11 . Schematic model for the evolution of thrusting in the Zagros. At any one time, several thrusts are seismically active within the range (shown by schematic timestep 1), but this seismic belt moves toward the south, keeping to the foreland of the regional 1250 m elevation contour (timestep 2: active tectonics). It is speculated that aseismic, ductile basement shortening continues northeast of the seismogenic faults but that such deformation also reaches a limit once sufficient crustal thickness and elevation are reached, and the area effectively forms part of the TurkishIranian Plateau.
